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PREFACE 


Thia  report  covers  the  accomplishments  of  the  third  six-month  period 
in  the  research  program  entitled  "Mechanical  Behavior  of  Rock  Under 
Cyclic  Loading,  B.  C,  Haimaon  -  Principal  Co-Investigator.  The  program 

.^LP“rc  ?f  *  ProJect  entltled,  "Aapects  of  Mechanical  Behavior  of  Rock 
Under  Static  and  Cyclic  Loading"  Contract  H0220041).  The  report  on 
art  A  of  the  project  is  published  in  a  separate  volume. 
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SUMMARY 


studyAf  thrcyclic^^i^ue^h0  *“  ^  contlnuatlon  of  an  extensive 
phenomenon  of  prlature ^  ^  ls  the 

or  repetitive  loading.  A  thorn  h  Ai  °  materlals  3uhjected  to  cyclic 
to  such  loading  could’heJp  in  thf  design^*  "Afe  °f  1°°^  mGchanical  reaction 
potential  of  improving  rock  broking  methods  8trUCtUre8  and  has 

study  the  mechanical Aehavior^of Add  it ional^h8  r®P°rted  Perlod  were  to 

uniaxial  compression  and  tension  and  initial  '  CyCllC 

compression  testing.  ’  ™  initiate  a  program  of  cyclic  triaxial 

in  unilxiin^preision'AorAidiA8"^  8andSt°ne  and  ^erly  granite 
uniaxial  tension'Ani  for  As  eAlt  o  30(1  *ranite  ln 

(confining  pressure  of  1  000  a f?"1  Ce.  10  Criaxlai  compression 

characteristics  A  horh  ;  AP  ),J  AU  r°Cks  exhibited  cyclic  fatigue 
of  55.70ZrlAt\AnAno5.0ioh6tcCyncL°sn  InZ?10" 

that  hard  rock  Is  fatigue  prone  Dealon  %  r®8ults  reinforce  the  assertion 

the  effects  of  repetitive  AaAn*  Si  f  m  ' StrUCtUres  ln  rock  ah°^d  not  ignore 

determined  by  the  reported  team8*  i j  K  atig“e  8trengths  of  each  rock  as 

of  intact  rock  AAinceAot  every  Ack  in ?£*'£*"* 

tested,  it  is  recommended  that  a  vA u.  to  I  *  exten8lvelV 

strength  (compressive  or  tenant  f1  I  501  °f  the  aPProPriate  static 

«n  *  s? ,- £.•««“«  •«-.*  «■« 

previously  tested  pre failed AeoroA^^nA17  falled  Rranlte  like  the 
substantial  fatten*  „nH  d  G  fla  and  T*nnessee  marbles,  exhibited 

level’  was much SduS  Ufe  at  e8ch  a‘ress 

could  be  extremely  useful Ao  th VSZfi  '  Unprefailed  rock.  These  results 

previously  been  deAoAed  A  beJoJ' ^  mlKht  have 
strength.  Pillars,  ribs  or  other  struck’  corresPondin8  c°  its  compressive 
could  realsc  cyclic  structur*.  components  although  "foiled" 

curvea.  y  ”<i1"8  t0  an  ««“'  determined  by  appropriate  S-N 


reiatZiiTb^tS'^'cl^:;:'  r:,collected  in  8“i,'>OTt  •*  -  *««- 

deformstlon^exhlblted  b^h'  ,  V  f""1”'  the  ■>»  perautnejt 

the  ahape  of  the  S-N  curve  thr P.-  Fefk  ®traln  ln  atreaa-concrolled  teata, 
type  »f  fatigue  faUu,na,,tr!la  c^«r°f,Pa'*k  >»«  the 

Skp25,S 

the  complete  atre.a-strela  curve  foJTiS.'SlS  ^al.'r^ie.a'umT"1'’8 
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consuming  than  preparing  an  S-N  curve.  Monitoring  the  amount  of  accumu¬ 
lated  permanent  deformation  at  a  particular  stress  level  (whether  in  a 
laboratory  specimen  or  an  underground  structure)  and  comparing  it  with  the 
allowable  magnitude  from  the  ccmplete  stress-strain  curve  could  establish 
the  stability  condition  and  estimate  the  amount  of  cyclic  loading  that  the 
rock  c  an  still  withstand.  The  shape  of  the  complete  stress-strain  curve 
could  indicate  the  ranges  of  maximum  stress  for  which  the  rock  is  more 
susceptible  to  fatigue  effects.  These  are  the  regions  of  minimum  allowable 
permanent  strain,  usually  caused  by  those  portions  of  the  descending  stress- 
strain  curve  having  positive  slopes. 

Experiments  in  uniaxial  tension  with  different  cyclic  amplitudes  for 
same  upper  peak  stress  showed  that  the  cyclic  stress  range  considerably 
affects  fatigue  life.  In  particular,  the  experiments  implied  that 
compression-tension  cyclic  loading  could  be  the  most  damaging  type. 

Previous  investigation  of  the  compression  fatigue  mechanism  showed 
that  the  process  of  cumulative  damage  was  spread  through  the  entire  specimen. 
In  uniaxial  tension  fatigue,  however,  fabric  changes  due  to  cyclic  loading 
appear  to  be  very  localized,  i.  e.,  a  few  of  the  more  crucial  existing 
microcracks  slowly  enlarge  until  one  gains  on  the  others,  propagates  and 
splits  the  specimen.  Other  than  the  very  close  vicinity  of  the  rupture 
plane  no  changes  were  observed  in  the  internal  structure  of  the  rock. 

The  implication  here  is  that,  unlike  compression  fatigue,  impending 
tensile  fatigue  failure  may  give  little  warning  in  terms  of  deformation 
away  from  the  critical  flaw. 

In  conclusion,  it  is  felt  that  the  basic  mechanical  response  of 
hard  rock  to  cyclic  loading  ha?.«  been  established.  Additional  work,  i.e., 
triaxlal  compression  and  tension-compression  will  complete  the  investigation 
of  fatigue  effect  under  the  most  coamon  loading  conditions  encountered  in 
the  field.  More  microscopic,  acousti'  emission  and  photoraacrographic 
studies  are  to  be  conducted  to  determine  the  Internal  fatigue  mechanism. 

The  reaction  of  non-intacl.  rock  to  fatigue  loading  will  be  further  studied. 
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INTRODUCTION 


Rock  formations  as  well  as  rock  structures  are  continually  subjected 
to  both  static  and  dynamic  loads.  Static  loads  result  from  auch  sources 
as  tectonic  forces  and  the  weight  of  the  overlying  rock.  Dynamic  loads 
are  continually  propagated  through  natural  ~*ibrations  of  the  earth  crust, 
and  intermittently  applied  by  major  earthquakes,  rock  blasting,  drilling, 
traffic,  etc.  The  mechanical  behavior  of  rock  under  static  loading  has 
been  thoroughly  investigated.  However,  rock  reaction  to  the  cyclic 6 
pulsating  stresses  ’••suiting  from  dynamic  loads  has  been  generally  neglected 
with  the  exception  of  a  few  rather  limited  studies.  It  is  a  known  fact  that 
cyclic  loading  often  causes  a  material  to  fail  prematurely  at  a  stress  level 
lover  than  its  determined  strength  under  monotonlc  conditions.  This 
phenomenon  is  commonly  termed  "fatigue".  Tunnel  walls,  excavation  roofs 
and  ribs,  bridge  abutments,  dam  and  road  foundations  are  only  a  few  of  the 
rock  structures  that  can  be  weakened  by  repetitive  loading.  Better  under¬ 
standing  of  cyclic  fatigue  may  assist  the  engineer  in  preparing  a  more 
rational  design  that  will  eliminate  premature  failures.  On  the  other  hand, 
knowledge  of  fatigue  characteristics  may  help  improve  rock  breaking  methods, 
e.g.,  drilling  and  blasting.  It  in,  therefore,  imperative  that  the  effect 
of  pulsating  stresses  on  rock  is  fundamentally  studied  with  the  ultimate 
goal  of  deriving  practical  applications. 

Such  a  study  is  now  underway  at  the  University  of  Wisconsin,  and  the 
present  report  covers  the  third  six-month  period  of  a  three  year  program 
to  investigate  the  mechanical  behavior  of  rock  under  cyclic  loading,.  In 
the  first  year  (1)  a  thorough  literature  survey  was  carried  out  and  an 
extensive  experimental  investigation  was  initiated.  White  Tennessee  marble 
and  Indiana  limestone  were  tested  under  cyclic  uniaxial  compression,  Pink 
and  White  Tennessee  marble  were  tested  under  cyclic  tension. 

The  main  results  of  the  first  year  program  were: 

1.  Ml  tested  rocks  were  weakened  by  cyclic  loading  whether  under 
compression  or  tension,  if  the  lover  peak  load  was  near  zero, 
and  the  upper  peak  load  was  held  at  a  level  above  a  threshold, 
typical  to  the  particular  rock.  The  threshold  appeared  to  be 
within  the  Inelastic  range  of  the  stress-strain  characteristics. 

2.  Failed  marble  exhibited  substantial  strength  under  cyclic 
compression. 

3.  In  cyclic  uniaxial  compression  both  the  axial  and  lateral 
strains  underwent  large  permanent  strains  (cyclic  creep). 

The  average  Youn^smodulus  decreased  during  the  test;  the 
Poisson's  ratio  increased.  The  volumetric  strain  underwent 
cyclic  compression  dilatancy. 
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4.  The  amount  of  cyclic  creep  between  the  first  cycle  and  failure 
appeared  to  be  limited  by  the  complete  stress-strain  curve. 

5’  !aincC„?J*iy9i?  W!8  ^onducred  in  'yclic  compression  specimens 

ng  stress-strain  data,  acoustic  emission,  optical  diffract!*  n 
techniques,  and  a  photoaicrographic  study.  The  indication  was 
that  microcracking  initiated  from  the  very  first  cycle,  „nd 
some  cycles  thereafter.  A  steady  state  period  followed, 
c  aracterized  uy  a  near  stagnation  In  crack  initiation.  There¬ 
after  a  period  of  crack  extension  and  coalescence,  culminated 
in  propagation  and  faulting.  Within  the  above  frame  of  fatigue 
mechanism.d inferences  were  observed  between  the  non-porous  marble 
and  the  high  porosity  (14Z)  limestone  (1). 

*??**  r“ulta  •  of  practical  applications  were 

woS  CaJ  nel^dqr  J  1  ****'  however*  tha£  “ora  experimental 

work  was  needed  to  (a)  confirm  the  obtained  results  in  other  rock  types 

™umr"^nt^0*d,ne  -  («>  -r. 

P16 fPrKSent  ^eport  covers  the  work  performed  in  the  third  semi-annual 
tCo  adrfiM  hcproJ®ct;  Reault®  are  presented  of  cyclic  fatigue  studies  of 

of  the  "ch*ni-  °f  *•“- 
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LABORATORY  EQUIPMENT  AND  EXPERIMENTAL  PROCEDURES 


Rock  Description 

The  rocks  tested  during  the  reported  *.> tage  of  t.ie  program  were 
Indiana  limestone,  Pink  Tennessee  marble,  Berea  sandstone  and  Westerly 
granite.  The  first  two  rocks  were  described  ii:  the  annual  report.  A 
brief  description  of  the  other  two  follows: 

Berea  sandstone  is  light  gray  in  color,  and  consists  of  99Z  quartz. 

It  is  finely  grained,  very  porous  ('»19Z) ,  and  has  visible  bedding  planes. 

Westerly  granite  has  very  lew  porosity  (M.Z)  aTJ  fine  grain  size. 

It  contains  approximately  equal  amounts  of  quartz,  microcllne  and  plaglo- 
clase,  and  5Z  blotlte. 


Specimen  Preparation 

All  the  specimens  used  in  the  present  phase  of  the  program  were  1.0  in. 
In  diameter,  2.5  In.  long  and  were  prepared  as  detailed  In  the  annual 
report  (1). 


Apparatus 

The  two  servo-controlled  loading  machines  and  the  additional  apparatus 
used  In  uniaxial  cyclic  compression  and  tension  testing  were  previously 
described  (1) . 

The  trlaxlal  compression  cyclic  lent^  were  run  in  a  specially  constructed 
trlaxlal  cell  using  the  MTS  machine.  The  trlaxlal  cell  was  built  after 
modifying  a  design  described  by  Paterson  (2).  It  has  a  bore  of  2.0  in.  and 
the  capability  of  applying  up  to  15,000  psi  confining  pressures  to  1.0  in.  x 
2.5  in.  cylindrical  specimens.  Two  1.0  in.  diameter  pistons  at  either  end 
of  the  cell  are  rigidly  connected  by  a  yoke.  The  lover  piston  transmits 
the  load  from  the  hydraulic  ram  to  the  specimen.  The  upper  piston  is 
forced  by  the  yoke  to  move  with  the  lever  piston,  thus  allowing  the 
confining  oil  to  maintain  Its  volume  t^proximately  constant 
The  load  from  the  specimen  to  the  load  cell  is  transmitted  through  the  upper 
portion  of  the  trlaxlal  cell.  Figure  1  is  a  detailed  cross-sectlor.  of  the 
trlaxlal  system.  The  variation  of  confining  pressure  with  time  has  been 
monitored,  and  at  1,000  psi  oil  pressure  it  shows  fluctuatlonsof  t  30  psi 
per  eye’e  while  maintaining  the  mean  pressure  constant  at  1,000  psi.  At 
the  present  no  further  improvements  are  planned,  but  it  Is  believed  that 
the  ±  3Z  fluctuations  have  only  a  very  limited  effect  on  the  results. 


l.KCErtU 


1. 1*3*1  tC  i 
l.  *a*J  l.c* ! 
r  ressure 
u,<tcnoer 
UI.UI  Ira 
Yoke  Bar 
Mount log 
Yoke  Kotl 
(  oopress 
Upper  Nu 
L  ppe  r  P  3 1 
Upper  PJ. 
oil  Ou t J 1 
Hock  Spe 
Pressure 
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A  pressure  generating  system  has  been  built  on  a  mobile  2'  x  3' 
table,  consisting  of  an  "Enerpac"  hand  pump  for  filling  the  cell,  a 
0-15,000  psi  positive  displacement  pump  for  accurate  pressurization,  a 
0  Hr.ise  gage,  an  accumulator  whose  purpose  Is  to  prevent  variations  in 
confining  pressure  when  the  specimen  deforms,  and  other  valves  and 
accessories  (Fig,  2) .  A  BLH  0-20,000  psi  pressure  transducer  is  directly 
connected  to  the  triaxial  cell  and  provides  accurate  continuous  pressure 
monitoring.  The  longitudinal  displacement  of  loaded  specimens  is  measured 
indirectly  by  two  DCDT  transducers  mounted  on  the  outside  of  the  triaxial 
cell. 


Experimental  Program 

The  objectives  of  the  experimental  program  have  been  to  (a)  determine 
the  mechanical  behavior  of  rock  under  cyclic  loading  and  provide  data  that 
is  both  basic  and  useful  in  engineering  practice,  and  (b)  study  the 
Internal  mechanism  that  brings  about  cyclic  fatigue. 

Three  major  types  of  cyclic  loading  were  used  in  the  reported  period, 
namely  uniaxial  compression,  triaxial  compression,  uniaxial  tension.  The 
details  of  the  testing  procedure  in  uniaxial  compression  and  tension  can 
be  found  in  reference  1.  The  only  difference  between  the  uniaxial  and  Ihe 
triaxial  compression  testing  procedures  was  that  in  the  latter, speci¬ 
mens  were  subjected  to  a  static  confining  pressure  while  cycling  the  vertical 
load.  The  triaxial  cell  was  so  built  that  the  removal  of  a  failed  specimen 
and  the  Insertion  of  a  new  one  could  be  done  without  removing  the  cell  from 
connection  to  the  loading  machine  hydraulic  ram.  Specimens  were 
jacketed  with  heat  shrinkable  tubing  and  installed  in  the  triaxial  cell 
which  was  then  sealed  and  brought  ihto  contact  with  the  load  cell.  The 
^ree  annulus  in  the  cell  was  filled  wich  hydraulic  oil  and  pressurized  to 
the  desired  level  while  keeping  the  vertical  load  at  a  magnitude  equal  or 
greater  than  that  of  the  oil.  The  vertical  cyclic  loading  was  applied  as 
describee.'  in  the  annual  report.  Strain  monitoring  was  indirectly  done 
through  two  D.C.D.T.  transducers  mounted  on  the  outside  of  the  cell  (Fig.  1) . 
The  acoustic  emission  was  detected  by  attaching  the  piezoelectric  transducer 
(1)  to  the  outside  surface  of  the  triaxial  cell. 
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EXPERIMENTAL  RESULTS 


A  -  UNLAXI\L  COMPRESSION 


The  two  rocks  tested  under  the  present  program,  Berea  sandstone 
and  Westerly  granite,  were  first  loaded  monotonically  to  determine 
their  respective  uniaxial  compressive  strengths  at  loading  rates  equi¬ 
valent  to  "static"  loading,  1  cps.,  4  cps.  In  both  rocks  there  was  a 
substantial  difference  in  strength  between  the  "static"  and  the  faster 
loadings  Cv20X),  but  no  difference  was  observed  between  the  two  cyclic 
frequencies  (Table  1). 


Stress-Controlled  Teats 


In  these  tests  the  independent  variable  was  the  axial  load.  This  load 
was  programmed  such  that  it  followed  a  triangularly  shaped  cyclic  function. 
The  lower  peak  was  kept  constant  throughout  the  program  at  about  200  psi, 
the  upper  peak  was  kept  constant  during  a  test  but  varied  from  test  to  test 
when  desired.  The  values  first  used  for  upper  peak  loads  were  those  close 
to  the  monotonic  compressive  strength  for  the  rate  comparable  to  the  cyclic 
frequency  used.  Thereafter,  the  upper  peak  values  were  lowered  in  steps 
of  5X  or  lc.,  3  until  no  failure  was  obtained  in  more  than  10&  cycles.  The 
results  are  detailed  in  the  following  sections. 

(a)  S-N  Characteristics 

In  the  first  annual  report  (1)  it  was  shown  that  both  Tennesoee 
marble  and  Indiana  limestone  exhibited  cyclic  loading  fatigue  when  loaded 
in  strecs  control.  To  confirm  the  results  obtained  two  additional  rock  types 
were  similarly  tested  under  this  year’s  program.  Quantitative  results  in 
the  form  of  S-N  curves  are  given  in  Figs.  3  and  4.  Both  the  sandstone  and 
the  granite  exhibited  fatigue  behavior,  i.e.,  they  were  weakened  by  repeti¬ 
tive  loading.  Within  the  limit  set  for  these  tests  (10^  cycles)  the  fatigue 
strength  was  as  low  as  55X  in  Berea  sandstone  and  60'’  in  Westerly  granite 
of  the  respective  compressive  strengths. 

Although  both  rocks  exhibited  a  definite  weakening  d  a  to  cyclic 
loading,  their  S-N  relationship  was  quite  different,  in  the  sandstone  a 
linear  relationship  seems  to  prevail  (Fig.  3),  while  the  best  fitting  curve 
for  the  granite  could  be  divided  into  three  linear  portions  exhibiting  a 
sharp  drop  in  strength  with  cycling  in  the  upper  25X,  followed  by  a  drastic 
strengthening  and  increased  resistance  to  fatigue  in  the  next  5X  and  then 
again  a  rather  sharp  drop  in  the  remaining  10X  (Fig.  4).  A  tempting  specu¬ 
lation  regard ir  ,  the  granite  S-N  curve  is  that  it  may  be  related  to  the 
complete  stress-strain  curve  for  the  rock  (3).  In  the  post-failure  zone 


COMPRESSIVE  STRENGTHS  AT  DIFFERENT  LOADING  RATES 


Figure  3.  S-N  characterise 
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this  curve  Is  unstable  and  has  a  positive  slope  In  Its  upper  quarter, 
followed  by  a  negative  slope  for  a  small  portion  of  stress  and  continued 
again  by  a  positive  slope  (Fig.  5).  The  extent  of  the  tcp  portion  of  the 
descending  complete  stress-strain  curve  may  coincide  with  the  top  range 
of  the  S-N  curve  (for  which  less  than  100  cycles  are  sufficient  to 
bring  about  failure).  Similarly,  the  next  two  portions  of  the  complete 
stress-strain  curve  appear  to  coincide  with  the  continuation  of  the  S-N 
curve.  The  Implication  suggested  Is  that  the  extent  of  permanent  strain 
exhibited  by  the  complete  stress-strain  curve  controls  the  fatigue  life  at 
different  levels  of  maximum  stress.  Further  observed  phenomena  which  could 
be  related  to  the  complete  stress-strain  curve  will  be  discussed  in  the 
following  sections, 

A  practical  application  derived  from  the  S-N  results  obtained  thus  far 
is  that  In  designing  hard  lnf.act  rock  structures,  the  fatigue  strength  at 
10^  cycles  conservatively  taken  as  one  half  of  the  measured  static  compressive 
strength  (Table  2),  would  provide  projection  not  only  against  static  and 
dynamic  compressive  loads  but  also  against  cyclic  stresses  such  as  encountered 
In  earthquakes,  blasting,  etc. 

(b)  Cyclic  Stress-Strain  Behavior 

The  basic  cyclic  stress-strain  behavior  was  not  different  from 
that  observed  In  previously  tested  rocks  (1)  .  Three  stages  (primary,  steady 
state,  tertiary)  could  always  be  Identified  In  tests  longer  than  10  cycles. 

The  first  cycle  Invariably  yielded  the  largest  hysteresis  due  probably 
to  permanent  closing  of  existing  openings  and  cracks  and  initiation  of 
microfractures.  As  a  result  of  the  reduced  porosity,  the  hysteresis  In 
the  granite  was,  however,  very  low  as  compared  to  the  sandstone.  Typical 
stress-strain  curves  are  shown  In  Figs.  6  and  7. 

The  amount  of  strain  difference  between  the  upper  peaks  of  the  last 
and  first  cycles,  the  cyclic  creep,  was  measured  and  the  average  values 
were  plotted  In  Tigs.  8  and  9.  Comparing  the  granite  results  with  the  complete 
stress-strain  curves  of  a  similar  rock  type  as  obtained  by  Wawersik  and 
Brace  (3) ,  it  is  noticed  that  similar  to  the  two  previously  tested  rocks 
(1),  the  cyclic  creep  at  different  levels  of  S,  is  bounded  by  the  ascending 
and  descending  portions  of  the  stress-strain  curve.  In  particular,  the 
Class  II  character  of  Westerly  granite  Is  apparent  In  Fig.  8. 

(c)  Other  Measurements 

Additional  measurements  related  to  stress  controlled  compression 
cyclic  test**  are  now  at  different  stages  of  completion  aid  will  be  presentf J 
in  the  forthcoming  annual  report.  These  will  Include  data  on  lateral 
strain,  volumetric  strain,  acoustic  emission  and  microscopic  examination. 


Stress  Contrt lied  Tests  with  Variable  Upper  Peaks 

An  attempt  was  made  to  study  the  loading  path  dependence  in  stress 
controlled  tests.  While  keeping  the  lover  peak  constant,  the  upper  peak 


BEREA  SANDSTONE. 


Figure  6.  Typical  stress  vs.  lateral  and  axial  strain  curves  in 
stress  controlled  cyclic  uniaxial  compression — Berea 
Sandstone. 
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TYPICAL  FATIGUE  LIFE 
-FOR  INTACT  AND  FAILH?  WESTERLY  GRANITE 


Upper  Peak 

Cyclic  Load 
(Z  cf  Comp,  Strength) 


80 

75 

70 

65 


Fatigue  Life 
of  Intact  Rock 
(cyclea) 


10 

35 

10,000 

200,000 


Fatigu*  Life 
of  Failed  Rock 
(cycles) 


3 

22 

375 

4,700 


WESTERLY  GRANITE. 


legend: 
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Figure  11. 


Path  dependence  in  stress  controlled  cyclic  compression 
tests — Westerly  Granite. 
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it  allowed  the  lower  peak  stress  to  relax  during  cycling  without  reaching 
zero  stress,  in  which  case  the  specimen  would  have  lost  contact  with  the 
loading  platens.  As  in  the  utress-controlied  tests,  the  number  of  cycles 
necessary  to  fatigue  the  rocks  increased  with  the  lowering  of  the  upper 
peak  strain.  Fatigue  life  versus  maximum  applied  cyclic  strain  was 
plotted  for  both  rocks  (Figs.  12  and  13)  in  the  form  of  E-N  curves. 

The  type  of  strain-controlled  fatigue  failure  was  significantly 
different  from  that  encountered  in  stress  controlled  tests.  In  Berea 
sandstone  failure  was  always  slow  characterized  by  crumbling  at  the  out¬ 
side  surface  through  a  process  similar  to  spalling.  Continuous  crumbling 
rapidly  reduced  the  amount  of  peak  stress  and  accelerated  the  cyclic  stress 
relaxation  (Fig.  14a) .  In  some  cases  the  specimens  eventually  failed,  or 
were  considered  failed  when  the  amount  of  crumbling  became  excessive}  in 
others  they  reached  a  kind  of  equilibrium  that  appeared  to  require  for 
fatigue  failure  many  more  cycles  than  the  10^  I ~mit  (Fig.  15).  In 
Westerly  granite  the  type  of  failure  depended  on  the  range  of  upper  peak 
strain.  In  the  90-100Z  range  fatigue  failure  occurred  violently  within  a 
few  cycles  (Fig.  13)  and  with  limited  cyclic  stress  relaxation  (Figs.  14b 
and  16).  In  the  75-90Z  range  failure  was  considerably  slower,  and  was 
considered  complete  when  chipping  occurred  at  the  surface.  The  relaxation 
was  dominated  by  a  steady-state  stage  (Fig.  14c)  ,  and  later  the  amount  of  stress 
drop  increased  (Fig.  16).  At  70Z  and  lower  the  fatigue  process  seemed  to 
cease  and  no  failure  was  obtained  wltliln  more  than  105  cycles,  although 
considerable  relaxation  was  observed. 

The  type  of  failure  and  the  amount  of  stress  relaxation  to  failure 
could  both  be  related  to  the  complete  stress-strain  curve.  Using  the  curve 
for  Westerly  granite  (Fig.  5)  one  can  easily  establish  that  in  a  strain 
controlled  cyclic  test,  with  the  upper  peak  in  the  top  10-1 5Z  of  the  ascending 
curve,  a  relatively  small  amount  of  stress  relaxation  will  cause  the  cyclic 
stress-strain  curve  to  intersect  the  descending  positively  sloped  section  of 
the  complete  stress-strain  curve.  Additional  cycling  will  carry  the  relaxa¬ 
tion  to  the  outside  of  the  curve  thus  causing  a  violent  failure.  When  the 
process  of  fatigue  failure  is  slow  and  seemingly  endless,  in  both  granite 
and  sandstone,  it  is  probably  due  to  the  need  for  the  upper  peak  stress  to 
reach  the  zero  value  before  complete  collapse.  This  is  the  case  when  the 
cyclic  stress-strain  curve  does  not  Intersect  the  descending  part  of  the 
complete  stress-strain  curve. 
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Figure  14. 


Typical  stress  cyclic  relaxation  curves 
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Figure  16.  Upper  peak  stress  drop  at  various  strain  levels — Westerly 
Granite. 
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B  -  TRIAXIAL  COMPRESSION 


For  the  purpose  of  achieving  a  closer  simulation  of  real  stress 
conditions  undergroun4  s  triaxial  cell  was  utilized  for  the  application  of 
confining  pressure  to  the  cyclicly  loaded  specimens.  The  confining 
pressure  was  kept  approximately  constant  during  the  tests  while  the 
vertical  load  was  cycled  as  in  the  uniaxial  case.  The  specimens  used  so 
far  where  intact  unfalled  granite.  The  fatigue  resistance  under  triaxial 
conditions  was  expected  to  be  stronger  than  that  of  unlaxially  tested 
samples  (5). 

The  only  confining  pressure  attempted  so  far  has  been  1000  psi.  Under 
this  condition  the  "static"  compressive  strength  of  Westerly  granite  was 
50,500  psi.  The  value  for  which  only  one  cycle  was  needed  to  cause  fatigue 
failure  was  59,800  psi.  Under  stress-controlled  conditions  *ith  constant 
lower  peak  stress  (kept  at  1500  psi,  slightly  higher  than  the  confining 
pressure),  the  shape  cf  the  S-N  curve  (Fig.  17)  is  strikingly  similar  to 
that  of  the  unlaxially  loaded  granite  (Fig.  4).  The  only  difference  is 
that  under  triaxial  conditions  the  whole  S-N  curve  is  lifted  upward,  l.e., 
fatigue  life  is  increased  for  comparable  values  of  maximum  cyclic  stress. 

The  shape  of  the  S-N  curve,  as  in  the  uniaxial  case  can  be  related  to  the 
complete  stress-strain  curve  (3).  The  value  of  S  ■  80Z  at  which  fatigue 
life  increases  considerably  (Fig.  17)  appears  to  coincide  with  the  stress 
i*v«l  which  the  descending  complete  stress-strain  curve  turns  from 
positively  sloped  to  negatively  sloped  (Fig.  5),  and  thus  requires  perhaps 
more  deformation,  i.e.,  more  cycles,  before  fatigue  failure. 
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C  -  UNIAXIAL  TENSION 


Ail  cyclic  tension  tests  were  run  in  stress-control,  st  1  cps.  for  a 
maximum  of  10  cycles.  In  the  previous  annual  j^port  (1)  partial  results 
were  presented,  based  on  the  experimental  work  pert^rned  in  White  and  Pink 
Tennessee  marble.  In  this  report  further  results  in  marble  and  new  work 
in  Indiana  limestone  and  Westerly  granite  are  described. 


S-N  Characerlatlca 

The  S-N  characteristics  were  determined  by  keeping  the  lower  peak  stress 
constant  (about  50  psi  tension)  throughout  the  testing  program  and  varying 
the  upper  peak  stress  from  test  to  test.  As  expected  in  tension  tests  of 
brittle  materials,  scatter  was  rather  severe.  It  did  not  obscure,  however, 
the  general  trend  of  rock  mechanical  reaction  to  cyclic  loading. 

In  additior  to  the  completion  and  correction  of  an  already  reported 
curve  (1)  (Fig.  18),  two  additional  S-N  curves  were  obtained  (Figs.  19  and 
20).  Within  the  range  of  maximum  cycles  per  test  used  (10^  cycles)  straight 
line  approximations  appear  to  best  fit  the  experimental  S-N  points.  The 
apparent  dynamic  tensile  strengths  of  the  three  rocks,  at  a  loading  rate 
equivalent  to  1  cps.,  as  determined  from  the  Intercept  of  the  S  axis  with 
the  S-N  curve,  the  fatigue  strengths  at  105  cycles  and  the  static  strengths 
are  given  in  Table  4.  Due  to  the  scatter  Involved,  it  appears  that  as  a 
practical  application  of  these  results,  a  value  equal  to  50X  of  the  static 
tensile  strength  could  safely  be  used  as  a  more  realistic  strength  value 
in  the  design  of  hard  rock  structures  subjected  to  uniaxial  tension  (static 
dynamic,  or  cyclic). 


The  Effect  of  Lower  Peak  Stress 

A  number  of  tests  were  run  on  Indiana  limestone  and  Westerly  granite 
to  determine  the  effect  of  cyclic  stress  range  on  fatigue  behavior.  In 
both  rocks  the  upper  peak  load  was  kept  constant  during  these  testa  (Fig. 
21),  whiie  varying  the  lower  peak  from  test  to  test.  The  cyclic  frequency 
was  kept  at  1  cps.  In  one  series  of  tests  the  stress  range  was  taro,  i.  e., 
the  static  fatigue  strength  was  determined.  In  another  series  of  tests  the 
lower  peak  was  extended  into  the  compression  tone.  The  results  are  given  in 
Table  5  and  Fig.  22. 


It  is  apparent  from  these  results  that  es  the  stress  amplitude  Increases 
for  the  same  upper  peak,  the  fatigue  endurance  'apacity  decreases.  In 
particular,  note  a  difference  of  two  orders  of  magnitude  between  the  static 
and  the  cyclic  fatigue  life  in  the  limestone,  and  the  considerable  weak 

rv.?foU?d!!80‘,e  bLth?  8ranlte  when  1C  18  •ubJ«ted  to  a  tension-compression 
cyclic  fatigne.  The  large  discrepancy  between  the  static  and  dynmcic  fatigue 
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TABLE  5 

EFFECT  OF  LOWER  PEAK  STRESS  ON  FATIGUE 
IN  UNIAXIAL  TENSION _ 


No.  of 
Speciaeus 

Upper  Peek 
Load  (pel) 

Lower  Peak 

Load  (pal) 

Streaa  Range 
(pel) 

Fatigue  Life 
(cycles) 

Indiana  Limestone 

From 

14 

S-N  Curve 

600 

50 

550 

5 

600 

400 

200 

28 

5 

600 

600 

Westerly  Granite 

0 

110',  (secs) 

7 

1300 

40 

(compression) 

1340 

23 

A 

1300 

50 

1250 

380 

5 

1300 

420 

880 

274 

0> 
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N  characteristics  in  uniaxial  tension— Indiana  Limestone. 
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resoles  Indicate  that  the  mechanism  of  cyclic  fatigue  is  basically 
dli.srent  from  that  of  creep.  The  sudden  decrease  in  fatigue  life  when 
the  lower  peak  stress  goes  into  the  compression  zone  Indicates  that 
tension-compression  cyclic  stresses  may  be  most  damaging  and  further 
work  In  that  zone  Is  contemplated . 


Stress-Strain  Behavior 
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Stress-strain  behavior  In  cyclic  tension  Is  closely  analogous  to 
behavior  In  compression  as  described  tn  the  annual  report  (1).  Probably 
the  most  outstanding  feature  of  cyclic  loading  of  rock  Is  the  large 
hysteresis  loop  In  the  rlrst  cycle.  In  compression  the  ascending  stress- 
strain  curve  of  the  first  cycle  Is  ordinarily  concave  In  the  lower  half 
accounting  for  closing  of  existing  pores  and  mierocracks.  In  tension  the 
curve  appears  to  be  convex  wi  th  a  slope  lower  than  the  comparable  oi*e  in 
compression.  In  the  second  cycle  the  strain  at  the  lower  peak  load  Increases 
considerably  more  than  at  the  upper  peak  and  thus  an  apparent  stiffening  of 
the  rock  takes  place.  This  effect  Is  very  pronounced  In  Indiana  limestone 
(Fig.  23)  but  hardly  noticeable  in  Pink  Teinessee  marble  (Fig.  24).  As 
cycling  continues  the  upper  peak  strain  increases  at  a  slightly  higher 
rate  than  the  lower  peak  strain  thus  softening  the  rock.  By  the  last 
cycle  the  average  tangential  Young's  modulus  Is  approximately  equal  to 
that  of  the  first  cycle.  In  Indiana  limestone  the  average  value  for  the 
Young's  modulus  at  502  rt  upper  peak  load  is  2.5  x  106  pal.  In  Pink 
Tennessee  marble  It  is  7.7  x  106  psl.  Fatigue  failure  Is  preceded  in  long 
tests  by  a  few  cycles  of  rapidly  Increasing  strain. 

Indiana  limestone  (Fig.  23)  displays  considerable  hysteresis  and  non¬ 
linearity.  Total  cyclic  creep  of  the  upper  peak  strain  Is  about  35-50 
pin/ In.  I’lnk  Tennessee  (Fig.  24)  marble  exhibits  very  little  permanent 
strain  In  the  first  cycle,  and  the  stress-strain  curve  Is  almost  perfectly 
linear  throughou  the  cycling,  with  negligible  hysteresis  and  limited 
cyclic  creep  (10-15  pln/ln). 

The  longitudinal  strain  in  the  cyclic  tension  tests  was  recorded  by 
strain  gages  mounted  vertically  on  the  specimens.  In  both  rocks  it  was 
noted  that  unless  the  fatigue  tensile  rupture  traversed  the  strain  gages, 
no  acceleration  wan  recorded  of  the  permanent  strain  accumulation  Immediately 
proceeding  failure.  This  could  Imply  that  this  stage  of  cyclic  degradation 
Is  very  localized  In  both  rocks.  Further  indications  of  localized  fatigue 
damage  were  obtained  from  observations  described  In  the  following  sections. 


Retested  Specimens 

As  described  In  the  previous  report  (1)  cyclic  fatigue  in  tension 
culminates  In  a  tensile  rupture  not  unlike  that  obtained  In  a  static  test. 

The  question  Is  whether  the  fatigue  effect  is  Indeed  as  localized  as  the 
rupture  Implies.  In  an  effort  to  test  the  hypoth^gls  of  localized  fatigue., 

a  number  of  cyclically  failed  specimens  were  reglued  together  in  the  plane  of 
rupture  and  later  retested,  lhe  reconstruction  of  the  specimens  was  dona 


Typical  stress-strain  curves  in  stress  controlled  cyclic 
uniaxial  tension — Indiana  limestone. 
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with  the  same  epoxy  c«sent  used  to  Join  rock  to  end  ceps.  All  excess 
epoxy  was  squeezed  out  and  utmost  care  was  taken  to  ensure  that  the 
alignment  of  the  original  specimen  was  not  disturbed  by  the  reglueing. 


The  results  are  summarized  in  Table  6.  Specimens  initially  failed 
after  less  than  1C)3  cycle#  nhowed  reduced  fatigue  resistance  when  retested. 
Those  initially  surviving  10  cycles  or  more  showed  Improved  fatigue 
resistance.  In  the  two  very  short  tests,  the  second  failure  surface  was 
1/16  inch  away  from  the  first,  suggesting  that  there  was  some  secondary 
damage  adjacent  to  the  original  failure  plane.  Such  secondary  damage 
in  the  form  of  a  few  minor  additional  cracks  near  the  main  one  was 
commonly  observed  in  both  monotonic  and  fatigue  failed  specimens.  In  the 
other  specimens  the  second  failure  surface  was  at  least  1/4  inch  from  the 
original  and  usually  farther  away.  This  se^ms  to  suggest  that  less 
secondary  failure  occurred  in  these  specimens.  If  the  specimens  had  been 
completely  homogeneous  and  if  fatigue  damage  had  been  uniformly  distri¬ 
buted  over  the  specimens,  all  of  them  would  have  failed  during  the  first 
cycles  of  the  retest.  That  they  did  not,  and  that  some  were  actually 
stronger  the  second  time  suggests  two  hypotheses:  (a)  tensile  fatigue 
failure  in  rock  is  quite  localized,  (b)  fatigue  damage  becomes  increasingly 
localized  at  smaller  stresses. 


Microscopic  Examination 

Most  of  the  microscopic  work  was  conducted  on  polished  vertical 
sections  of  untested  and  tested  (failed)  specimens.  In  addition,  in  some 
Pink  Tennessee  marble  specimens  portions  of  the  outside  surface  was  polished 
prior  to  testing,  photographed,  subsequently  fatigued  and  re-examined  for 
before  and  after  differences. 

Generally,  in  both  Indiana  limestone  and  Tennessee  marble  no  appreciable 
fabric  changes  due  to  fatigue  were  observed.  In  the  pre-photegraphed  speci¬ 
mens,  however,  it  was  noticed  that  some  final  failure  surfaces  followed  the 
planes  of  pre-existing  cracks.  Frequently  the  final  rupture  surface  cut 
across  grains  following  cleavage  planes.  Preliminary  results  of  the  micro¬ 
scopic  study  support  the  hypothesis  of  localized  fatigue  damage  and  failure. 

^  account  of  the  work  will  be  Included  in  the  annual  report. 
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rmjri.USlONS  AND  PRACTICAL  APPLICATION 


The  experimental  work  carried  out  i„  the  first  six c  months  of  the 

and  important  findings  of  its  own. 

1.  Berea  sandstone  i^estone  iere  weaken!^ 'considerably 

ITSSS  “u^lo^on.  Indian. 

granite  like  the  previously  ““**  ^"to’^cUc  biaxial  tension, 
considerable  weakening  when  subjecte  -  Ut  compression 

In  addition  Westerly  granite  lost  strength  under  cycll  P 

even  when  assisted  by  a  confining  ‘rT-S'J;*  is 

results  give  more  strength  to  the  assert  on  that  hard  rock  1 
fatigue  prone.  Design  of  structures  In  roj ’ of  each  rock 

effects  of  repetitive  loading.  Th  d“  used8as  the  effective 

as  determined  by  the  reP°rtP  every  rock  ln  the  field  can 

strengths  of  intact  rocks.  suaaest  an  empirical 

be  extensively  tested,  it  s  aPP^P  f  lt  lB  therefore 

formula  based  on  the  rcuUa  obtained  thus  far  atre„gth 

^compress lve'or pensile)  be  used  as  the  effective  strength  that  can 
withstand  static,  dynamic  and  cyclic  loadi  g. 

2.  Prefailed  Westerly 

endurance,  .Uhou^h  the  fatigue  life  «  each  3»e.s  level  was  much 
reduced  wheu  compared  with  unprefaced  rock.  This 

-  — in 

underground  pillars  and  wala-s. 

3.  Additional  experimental  evidence eWandCtheereSecUvePMmplete  stress- 

deformation  exhibited  by  te  upper  the  amount  of  peak  stress  relaxa- 
tests,  the  shape  of  tbe  f  ,,  re  in  strain  controlled  tests,  all 

tion  and  the  type  of  fatigue  fa  characteristics  of  the 

allude  to  a  Class  U  rock  type  and  match^the  thls 

complete  stress-strain  curve*  Determining  the  complete  stress- 

conclusion  cannot .hrocruide/specific  conditions  of  loading  rate 
strain  curve  for  a  rock  u  "  h  easier  and  less  time 

and  tri.Ki.1  stress  configuration  is  much  easier  .*,1  ^ 

consuming  than  preparing  an  S-N  curve.  ievel  (whether 

accumulated  Uric'turO  .^  comparing  It 

in  a  laboratory  specimen  or  an  unaergiuu 
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with  the  allowable  magnitude  frotr  the  complete  stress-strain  curve, 
one  could  evaluate  the  stability  condition  and  estimate  the  amount 
of  cyclic  loading  that  the  rock  can  still  withstand.  The  shape  of 
the  complete  stress-strain  curve  c^uld  indicate  the  ranges  of  maxi¬ 
mum  stress  for  which  the  rock  is  fjore  su  'ptible  to  fatigue  effects. 
These  are  the  regions  of  minimum  allow*  it  permanent  strain,  usually 
caused  by  those  portions  of  the  descent  0  stress-strain  curve  having 
positive  slopes. 

4.  An  additional  indication  that  the  maximum  allowable  permanent  strain 
at  a  particular  upper  peak  stress  actually  controls  the  fatigue 
endurance  of  rock  was  found  in  tests  where  the  upper  peak  load  was 
varied  in  two  or  three  steps  during  cycling.  The  total  permanent 
strain  for  the  last  maximum  stress  level  used  was  independent  of 
the  loading  path,  being  apparently  controlled  only  by  the  shape  of 
the  complete  stress-strain  curve. 

5.  Experiments  in  uniaxial  tension  with  different  cyclic  amplitudes  for 
the  same  upper  peak  stress  shosed  that  the  cyclic  stress  range 
considerably  affects  fatigue  life.  In  particular,  the  experiments 
implied  that  tension-compression  cyclic  loading  could  be  the  most 
damaging  type. 

6.  Previous  investigation  of  the  compression  fatigue  mechanism  showed 
that  the  process  of  cumulative  damage  was  spread  through  the  entire 
specimen.  In  uniaxial  tension  fatigue,  however,  fabric  changes  due 
to  cyclic  loading  appear  to  be  very  localized,  i.e.,  a  few  of  the 
more  crucial  existing  raicrocracks  slowly  enlarge  until  one  gains  on 
the  others,  propagates  and  splits  the  specimen.  Other  than  the  very 
close  vicinity  of  the  rupture  plane  no  changes  were  observed  in  the 
internal  structure  of  the  rock.  The  implication  here  is  that  unlike 
compression  fatigue,  inpending  tensile  fatigue  failure  may  give  little 
warning  in  terms  of  deformation  away  from  the  critical  flaw. 


FUTURE  WORK 


1.  Complete  thi  uniaxial  compression  and  tension  cyclic  testing. 

2.  Establish  the  fatigue  effect  on  rock  under  different  triaxial  conditions. 

3.  Study  fatigue  characteristics  of  rock  under  tension-compression  cyclic 
loading. 

4.  Determine  the  mechanical  response  of  non-intact  rock  to  repetitive 
loading. 

5.  Carry  out  fabric  studies  to  complete  the  investigation  of  internal 
fatigue  mechanisms. 
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